b Mycobacterium avium subsp. paratuberculosis causes Johne's disease in ruminants, a chronic enteric disease responsible for severe economic losses in the dairy industry. Global gene regulators, including sigma factors are important in regulating mycobacterial virulence. However, the biological significance of such regulators in M. avium subsp. paratuberculosis rremains elusive. To better decipher the role of sigma factors in M. avium subsp. paratuberculosis pathogenesis, we targeted a key sigma factor gene, sigL, activated in mycobacterium-infected macrophages. We interrogated an M. avium subsp. paratuberculosis ⌬sigL mutant against a selected list of stressors that mimic the host microenvironments. Our data showed that sigL was important in maintaining bacterial survival under such stress conditions. Survival levels further reflected the inability of the ⌬sigL mutant to persist inside the macrophage microenvironments. Additionally, mouse infection studies suggested a substantial role for sigL in M. avium subsp. paratuberculosis virulence, as indicated by the significant attenuation of the ⌬sigL-deficient mutant compared to the parental strain. More importantly, when the sigL mutant was tested for its vaccine potential, protective immunity was generated in a vaccine/challenge model of murine paratuberculosis. Overall, our study highlights critical role of sigL in the pathogenesis and immunity of M. avium subsp. paratuberculosis infection, a potential role that could be shared by similar proteins in other intracellular pathogens.
arly infection of calves with Mycobacterium avium subsp. paratuberculosis leads to the development of Johne's disease (JD), also known as paratuberculosis, a chronic enteric infection responsible for significant economic losses throughout the world (1) (2) (3) . A recent report suggested that more than 90% of the dairy operations in the United States include animals that are infected with M. avium subsp. paratuberculosis (4) . The use of the current vaccine (Mycopar) to control JD is inadequate (5) and does not stop the severe economic losses estimated to be over $500 million annually to the U.S. dairy industry (6) . Additionally, this inactivated vaccine cannot prevent the spread of the infection among animals (7, 8) and causes severe granuloma following accidental human injection (9) . Following infection through the fecal-oral route, M. avium subsp. paratuberculosis is endocytosed by enterocytes and M cells in the Peyer's patches of the ileum (10) and subsequently phagocytosed by subepithelial and intraepithelial macrophages (11) . Although the mechanism of intracellular survival of this pathogen within macrophages is not entirely understood, reports suggested the ability of M. avium subsp. paratuberculosis to block phagosome-lysosome maturation and interfere with macrophage activation (12, 13) . Earlier reports indicated gene expression of alternative sigma factors encoded in the M. avium subsp. paratuberculosis genome following macrophage infection (14, 15) . Additionally, among the 19 encoded alternative sigma factors (16) , only the sigL transcript was induced at an early stage (2 h) of macrophage infection, indicating its importance for M. avium subsp. paratuberculosis during early adaptation. To better understand the genetic basis of paratuberculosis, we focused our efforts on the role played by sigL in M. avium subsp. paratuberculosis pathogenesis and examined whether a sigL mutant could constitute a candidate for a protective vaccine against paratuberculosis.
Earlier transcriptome analysis of M. avium subsp. paratuberculosis from JD-infected cattle identified novel virulence genes and pathogenic pathways that allow M. avium subsp. paratuberculosis to survive harsh environmental conditions (17) . Interestingly, both M. avium subsp. paratuberculosis and Mycobacterium tuberculosis share several mechanisms, especially those involved in macrophage survival (15, 18) . In M. tuberculosis, only 11 alternative sigma factors are encoded (19) , where sigL acts as a stress response regulator and is implicated in cell membrane protein biosynthesis as well as virulence (20) . In M. avium subsp. paratuberculosis, the role of sigL during intracellular survival and host infection remains elusive. To start, we examined the effect of sigL deletion on bacterial viability under various stress conditions. This analysis indicated the important role played by sigL in regulating the expression of a set of genes (similar to the sigL homologue in M. tuberculosis) needed for survival under the stress of cell wall-damaging agents as well as inside bovine macrophages. Further examination of the sigL mutant in a murine model of paratuberculosis suggested that sigL is an important virulence determinant for M. avium subsp. paratuberculosis. In addition, we evaluated the potential use of M. avium subsp. paratuberculosis ⌬sigL as a live attenuated vaccine using the murine model. Interestingly, the sigL mutant elicited protective immune responses against paratuberculosis, validating the concept of using a global gene regulator (GGR) as a target for developing effective live attenuated vaccines.
MATERIALS AND METHODS
Bacterial strains and mutant construction. M. avium subsp. paratuberculosis K10 and Mycobacterium smegmatis mc 2 155 strains were grown in Middlebrook 7H9 broth and on Middlebrook 7H10 plates as previously described (2, 15) . For cloning, Escherichia coli DH5␣ and HB101 were used as host cells (15, 21) .
To generate an isogenic sigL knockout mutant of M. avium subsp. paratuberculosis, the sigL (MAP4201) gene was deleted from the genome of M. avium subsp. paratuberculosis K10 (15) . Primers (see Table S1 in the supplemental material) were designed to amplify ϳ750-bp PCR fragments flanking each end of the sigL coding region and cloned into the pGEM-T Easy vector (Promega, Madison, WI). The fragments were digested with their flanking restriction enzyme sites (SpeI/HindIII and XbaI/Acc65I for upstream and downstream portions, respectively) and ligated into pYUB854 (15) . After digestion by NotI and SpeI (Promega, Madison, WI), the linearized vector was ligated into pML19, a derivative of pPR27 (22) where a kanamycin resistance cassette has been inserted into the PstI site. The resulting vector, pML19_sigL, was electroporated into electrocompetent M. avium subsp. paratuberculosis using a Gene Pulser II machine (Bio-Rad, Hercules, CA), and cells were plated onto Middlebrook 7H10 medium containing 30 g/ml kanamycin and 75 g/ml hygromycin (Invitrogen, Carlsbad, CA, USA). Following 6 weeks of growth at 32°C, transformants were grown for 3 weeks with shaking at 32°C in Middlebrook 7H9 broth. These cultures were plated onto Middlebrook 7H10 medium containing 75 g/ml hygromycin and 5% sucrose and incubated at 39°C for 6 weeks. Genotype of the hygromycin-resistant transformant M. avium subsp. paratuberculosis ⌬sigL was confirmed by PCR and sequence analysis (15) . To complement the M. avium subsp. paratuberculosis ⌬sigL, an ϳ4-kb fragment, encompassing sigL with its 5= regulatory region and the distal genes (MAP4202 to MAP4205), was amplified by PCR (see Table S1 in the supplemental material for primers) and cloned into the HindIII/XbaI restriction site of the vector pMV306 (20) . The M. avium subsp. paratuberculosis ⌬sigL strain was transformed with this recombinant construct, and the genotype of the complemented strain (M. avium subsp. paratuberculosis ⌬sigL::sigL) was identified by PCR analysis. A similar approach was applied to complement M. tuberculosis mutant strain lacking this alternative sigma factor (23) .
Quantitative real-time PCR. M. avium subsp. paratuberculosis strains were grown to mid-exponential phase (optical density at 600 nm [OD 600 ] ϭ 0.5), and the RNA was extracted by the TRIzol method as detailed earlier (15) . Quantitative real-time PCR (qRT-PCR) was performed using a SYBR green-based reagent with (Bio-Rad, Hercules, CA). For qRT-PCR, cDNA was synthesized from 1 g of total RNA using SuperScript III (Invitrogen), as directed by the manufacturer, in the presence 250 ng of mycobacterial genome-directed primers (15, 24) . No genomic DNA was detected from the RNA samples for cDNA synthesis. A 100-ng cDNA was used as the template in a reaction in the presence of gene-specific primers (see Table S1 in the supplemental material) at a concentration of 200 nM using a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). Cycle conditions were 95°C for 5 min and 40 cycles of 95°C for 15 s and 59°C for 60 s. The threshold cycle (C T ) of each gene was normalized to the C T of the sigA gene from the same cDNA sample. The changes in expression were calculated by comparing the normalized C T of wildtype or complemented M. avium subsp. paratuberculosis samples to the M. avium subsp. paratuberculosis ⌬sigL sample as detailed earlier (15, 25) .
Stress phenotype of M. avium subsp. paratuberculosis. M. avium subsp. paratuberculosis cultures were grown to log phase (OD 600 ϭ 0.5 to 1.0), and 200 l was spread on 7H10 plates. For the disk diffusion assay (DDA), paper discs (6 mm; Whatman, Piscataway, NJ) containing 20 l of 0.5, 1, or 1.5 M diamide (oxidative stressor) and 1, 2, or 3% sodium dodecyl sulfate (SDS; cell wall stressor) were placed on each of the spread plates. Plates were incubated at 37°C until a thick confluent lawn developed. To determine sustained effect of stressor on the viability of bacilli, after washing with phosphate-buffered saline (PBS), M. avium subsp. paratuberculosis cultures were exposed to the acidified 7H9 broth (pH 5.5 obtained by adding HCl) containing 0.3% bovine bile (cell wall stressor), and aliquots were collected at 0, 4, 15, 24, 48, and 72 h to monitor their viability by CFU counting (15) .
Cell culture and infection. The mouse macrophages (J774A.1) were regularly maintained as described elsewhere (15) . To activate macrophages, cells were pretreated overnight (18 h) with 100 U/ml recombinant murine gamma interferon (IFN-␥) (Peprotech, Rocky Hill, NJ) before infection with M. avium subsp. paratuberculosis strains (15) . For cell infection studies, wild-type and mutant strains were added to macrophage monolayers (multiplicity of infection [MOI], 20:1). Following incubation at 37°C in 5% CO 2 for 3 h, macrophage monolayers were washed twice with warm PBS to remove extracellular bacteria, and RPMI 1640 medium containing 5% fetal bovine serum was added. Cells were lysed at 1 and 8 days postinfection for bacterial CFU counts. To examine M. avium subsp. paratuberculosis ⌬sigL survival in bovine monocyte-derived macrophages (MDM), MDM were isolated from the peripheral blood of three cows, and cell infection studies were performed as described in detail elsewhere (15) .
Mouse infections. All animal experiments used in this study were performed according to the protocols approved by the Institutional Animal Care and Use Committee, University of Wisconsin-Madison. For the virulence study, two groups (15 per group) of female BALB/c mice (Harlan Laboratories, Indianapolis, IN, USA) were challenged intraperitoneally (i.p.) with the wild-type and mutant strains. Infection inocula (ϳ2 ϫ 10 8 CFU/mouse) of the two strains were similar, as determined by plate count on the day of infection. Mouse groups (n ϭ 5) were sacrificed at 3, 6, and 12 weeks postinfection (WPI), and organ samples were collected for bacterial CFU enumeration and histopathological examinations as described before (15) .
For the immunization studies, female C57BL/6 mice (Taconic, Hudson, NY) were used. A mock-infected group (n ϭ 12) was immunized with PBS buffer, while the M. avium subsp. paratuberculosis ⌬sigL group (n ϭ 14) received ϳ2 ϫ 10 6 CFU in 0.2 ml PBS subcutaneously (s.c.) into the neck scruff twice, 2 weeks apart. Four weeks following the booster dose, mice were challenged i.p. with ϳ7 ϫ 10 8 CFU wild-type M. avium subsp. paratuberculosis strain as determined by plate count on the day of infection. Mouse groups (n ϭ 4 to 6) were sacrificed at 6 weeks postimmunization and 6 and 12 weeks postchallenge (WPC), and organ samples were collected for bacterial CFU counts, histopathological examinations, and immune responses. The liver and spleen tissue homogenates were serially diluted in PBS following plating on 7H10 medium. For intestines, 7H10 plates were supplemented with a mixture of 5 mg/ml vancomycin, 30 mg/ml amphotericin B, and 10 mg/ml nalidixic acid to reduce nonmycobacterial and fungal contamination. Organ homogenates were plated on 7H10 medium containing 50 g/ml of hygromycin to determine the organ burden of the vaccine strain, M. avium subsp. paratuberculosis ⌬sigL, and whenever necessary, vaccine strain CFU counts were subtracted from the total M. avium subsp. paratuberculosis organ loads to determine the actual level of organ colonization for the challenge strain, M. avium subsp. paratuberculosis K10.
Evaluation of immune responses. Mouse spleens were collected aseptically and homogenized by gentle mechanical disruption using a stainless steel screen. Following isolation of mononuclear spleen cells, the red blood cells were lysed using 0.83% ammonium chloride. Spleen cells were washed and suspended in RPMI 1640 (Thermo Fisher) supplemented with 1ϫ nonessential amino acids (Invitrogen), 1ϫ L-glutamine, 1ϫ penicillin-streptomycin, and 10% fetal bovine serum (Atlanta Biologicals). Following trypan blue dye enumeration for cell viability, splenocytes were cultured in duplicate in round-bottom 96-well tissue culture plates with 1 ϫ 10 6 cells/well containing 100 U/ml human interleukin 2 (IL-2) (BD Biosciences) (26) . Cells were restimulated in vitro with medium alone or medium supplemented with 10 g/ml Johnin purified protein derivative (PPDj) (USDA-National Veterinary Services Laboratory, Ames, IA) for 48 and 72 h at 37°C with 5% CO 2 (27) . Cell supernatants were collected and levels of secreted cytokines were analyzed by mouse cytokine enzymelinked immunosorbent assay (ELISA) kit according to the manufacturer's instructions (BioLegend, San Diego, CA). The level of cytokine secretion in the medium stimulation was subtracted from the PPDj-stimulated spleen cells. To determine the humoral immune response, sera were prepared from mouse whole blood, and M. avium subsp. paratuberculosisspecific antibody (anti-PPDj antibodies) was detected by ELISA using horseradish peroxidase-conjugated rabbit anti-mouse antibody (Pierce, Rockford, IL) (28, 29) .
Statistical analysis. Student's t test was performed to compare differences in mouse immune responses and bacterial CFU counts obtained from the in vitro stress studies. The Mann-Whitney U test was used to compare bacterial loads in mouse organs harvested from virulence and vaccine-challenge experiments. A probability value of Ͻ0.05 was considered significant for all tests.
RESULTS
Construction of sigL knockout mutant and effect of sigL mutation on gene expression. Recent analysis of the M. avium subsp. paratuberculosis transcriptome during macrophage infection suggested that sigL could be an important factor for M. avium subsp. paratuberculosis survival inside host macrophages (15) . To test this hypothesis, we generated a sigL deletion mutant, M. avium subsp. paratuberculosis ⌬sigL (Fig. 1A and B) and examined survival of this mutant under different stress conditions. Because sigL and its anti-sigma factor (MAP4202) are likely encoded in an operon (20) , we examined M. avium subsp. paratuberculosis ⌬sigL for possible polarity on the downstream gene MAP4202. By employing reverse transcriptase PCR analysis, the presence of the MAP4202 transcript was confirmed in the ⌬sigL mutant (Fig. 1C) . Additionally, we examined expression levels for neighboring genes around sigL in both the wild-type and ⌬sigL::sigL complemented strains and compared their expression levels to those in the ⌬sigL mutant. The data suggested that the expression levels of these genes in the complemented strain had a pattern similar to that found in the wild-type strain (see Fig. S1 in the supplemental material). Finally, a growth experiment of the complemented strain, the ⌬sigL::sigL strain, in liquid medium (7H9 broth) revealed a growth pattern similar to that of the wild-type strain (see Fig. S2 in the supplemental material). However, the ⌬sigL mutant showed slightly elevated bacterial growth, as measured by OD 600 , compared to the complemented and the wild-type strain.
To determine possible effectors controlled by sigL in M. avium subsp. paratuberculosis, we employed qRT-PCR analysis to examine 8 genes ( Table 1) that were under the control of a sigL homologue (85% similarity at protein level) in M. tuberculosis (20, 30) . Overall, a significant induction (ՆϮ1.5-fold induction when the fold change was greater than the standard deviation) in a list of 6 genes was observed in the sigL regulon when transcripts of wildtype and isogenic mutants were compared. Similar to the sigL regulon in M. tuberculosis, there was induction of pks10, while transcripts for the downstream gene pks7 were only slightly increased (30) . In addition, modest induction of mce gene family members (e.g., lprL) was observed, suggesting their regulation by sigL. Interestingly, the mpt53 transcripts were elevated the most The M. avium subsp. paratuberculosis ⌬sigL mutant was confirmed with PCR and sequence verification using genomic DNA from the wild-type and the mutant strains. Primer pairs were designed for the sigL region, the hygromycin resistance gene (hyg), or the recombinant region after allelic exchange. A 1.5% agarose gel showed amplicons from the sigL region only when wild-type genomic DNA was used (lane 1), whereas hyg was amplified only from the M. avium subsp. paratuberculosis ⌬sigL mutant genomic DNA (lane 4). Lane 6 showed amplicon from the recombinant region only when M. avium subsp. paratuberculosis ⌬sigL mutant genomic DNA was used. (C) The polarity of the M. avium subsp. paratuberculosis ⌬sigL mutant was assessed using reverse transcriptase PCR analysis to check for transcription of its neighboring genes. In the wild-type (left) and complemented (right) strains, positive bands show that map=, sigL, and the downstream gene MAP4202 are present in the genome and transcribed (amplified from cDNA), with no amplification from RNA used as a negative control. In the M. avium subsp. paratuberculosis ⌬sigL mutant (middle), the sigL coding region is absent in the genome and as cDNA, but transcripts for the neighboring genes are present.
among the genes examined in this study, another agreement with the M. tuberculosis regulon (31) . In contrast, no change was observed in the transcript levels of MAP3220c, which had the lowest level of protein similarity (55.1%) to M. tuberculosis orthologs. Generally, limited analysis of transcripts of the potential sigL regulon in M. avium subsp. paratuberculosis suggested their similarity to those present in M. tuberculosis.
Role of sigL in viability of M. avium subsp. paratuberculosis under stress. To examine a potential role for sigL in the response to unfavorable stress conditions, we analyzed the survival of M. avium subsp. paratuberculosis cultures under both oxidative (diamide) and cell wall (SDS and bovine bile) stresses. Growth inhibition zones in disk diffusion assays indicated that M. avium subsp. paratuberculosis ⌬sigL was susceptible to diamide oxidation ( Fig. 2A) . Such phenotypic differences also indicated the inability of ⌬sigL mutant to survive under SDS stress compared to the wild-type and complemented strains (Fig. 2B) . Bile tolerance was also evaluated by culturing of the M. avium subsp. paratuberculosis strains in the presence of 0.3% bovine bile (oxgall). This concentration of bile is likely encountered by the bacteria within the intestinal contents following oral infection (32) . In addition, because of the ability of M. avium subsp. paratuberculosis to resist killing by acidic conditions (33), we made culture broths slightly acidic (pH 5.5) to partially mimic the physiological conditions that M. avium subsp. paratuberculosis would encounter following infection in the gastrointestinal tract (e.g., the abomasum of a cow). Survival levels showed a significant drop in the viability of the ⌬sigL mutant at 4 h after exposure to bovine bile compared to the wild-type and complemented strains (Fig. 2C) . This difference in bacterial survival for M. avium subsp. paratuberculosis ⌬sigL was increased more than 20-fold at 24 h, and the viability of the mutant continued to decline at later times, suggesting that sigL is important in establishing resistance when bacteria encounter initial bactericidal barriers in the host. Because complementation of M. avium subsp. paratuberculosis ⌬sigL restored the wild-type phenotype under these stress conditions, the complemented strain was not included in further experiments.
Intracellular survival within macrophages. Because sigL was upregulated inside activated murine macrophages (15), we examined intracellular survival of M. avium subsp. paratuberculosis ⌬sigL in the IFN-␥ pretreated murine macrophages. Our analysis showed an increase in the number of wild-type M. avium subsp. paratuberculosis at 8 days relative to the numbers obtained at day 1 postinfection, whereas viability of the ⌬sigL mutant was significantly reduced at this time (see Fig. S3 in the supplemental material). To use a more relevant model for M. avium subsp. paratuberculosis infection, we evaluated the persistence of the M. avium subsp. paratuberculosis ⌬sigL in both resting and IFN-␥-activated bovine monocyte-derived macrophages (MDM), the natural host cell for M. avium subsp. paratuberculosis. MDM monolayers in the culture wells were checked at regular intervals for cell confluence (Ͼ80%) under an inverted light microscope. There was no inhibitory effect on the survival of wild-type bacteria at 4 days postinfection, and at 8 days, the numbers of wild-type bacilli increased over 2-fold compared to the numbers obtained at day 1 in the resting MDM (Fig. 3A) . In contrast, survival of the ⌬sigL mutant was not supported inside naive macrophages, and at 8 days postinfection, the viability was significantly reduced, almost by half, indicating a potential function for sigL in defending M. avium subsp. paratuberculosis against intracellular stress. A similar survival trend for the M. avium subsp. paratuberculosis ⌬sigL was seen inside IFN-␥-pretreated MDM, whereas this activation status did not result in a more inhibitory effect on the survival of wild-type bacilli (Fig. 3B) . Collectively, survival assays indicated that deletion of sigL affected M. avium subsp. paratuberculosis viability following exposure to stress conditions, suggesting a significant function for sigL in defending M. avium subsp. paratuberculosis against intracellular insults. Virulence analysis of M. avium subsp. paratuberculosis ⌬sigL strain. To evaluate the contribution of SigL to M. avium subsp. paratuberculosis virulence, we examined persistence of the isogenic ⌬sigL mutant using the murine model of paratuberculosis. The survival pattern indicated significant attenuation of M. avium subsp. paratuberculosis ⌬sigL as early as 3 WPI in all of the organs examined (Fig. 4A to C) . In the spleen, the survival of ⌬sigL mutant was reduced more than 40-and 400-fold relative to the wild-type strain at 6 and 12 WPI, respectively. Similarly, colonization levels of the ⌬sigL mutant strain in the liver were significantly lower than those of the parental strain at all time points. Interestingly, the ⌬sigL mutant did not persist in the intestine, as suggested by our inability to detect any bacteria (limit of detection 20 CFU) at 6 and 12 WPI in this organ.
The histological analysis revealed mild to moderate granulomatous inflammation in the liver tissues at both 3 and 6 WPI with each of the M. avium subsp. paratuberculosis strains, with higher lymphocytic infiltration in the mice infected with the ⌬sigL mutant ( Fig. 4D and E) . At 12 WPI, ⌬sigL mutant-infected animals showed less granulomatous inflammation, indicating a reduced ability of the mutant strain to establish paratuberculosis in animals. In accordance with the bacterial organ burden data, ZiehlNeelsen staining showed higher numbers of acid-fast bacilli in livers from mice infected with the wild-type strain than those of mice infected with the ⌬sigL mutant at all time points. A similar observation was noticed for the spleen and intestine tissues (data not shown). Both bacterial organ colonization and histological data analyses suggested that M. avium subsp. paratuberculosis ⌬sigL was attenuated for survival, compared to the wild-type strain, in the mouse model of infection.
Immunization with M. avium subsp. paratuberculosis ⌬sigL. Because sigL encodes a mycobacterial GGR (30) and was critical for M. avium subsp. paratuberculosis survival in the present study, we investigated the vaccine potential of the ⌬sigL mutant in a challenge model of murine paratuberculosis (Fig. 5A) . To examine immunogenicity, groups of mice were immunized twice with M. avium subsp. paratuberculosis ⌬sigL and 6 weeks postimmunization (WPI) mouse organs were analyzed for bacterial content. Two immunizations with this mutant resulted in low colonization (2 ϫ 10 2 CFU) in the liver, whereas no bacteria were detected (limit of detection, 20 CFU) in the intestine or spleen (data not shown). To evaluate vaccine-induced immune responses before challenge, ELISA was used to estimate levels of key cytokines in stimulated spleen cells. Statistical analysis revealed a significantly (P Ͻ 0.05) higher level of IFN-␥ secretion in the ⌬sigL mutantimmunized mice than in naive animals (Fig. 5B) . Because of the importance of T-helper 17 cells (34) for intracellular bacterial infection, we examined IL-17A production in the immunized animals. However, we did not find any detectable levels of IL-17A at 6 WPI. Additionally, the mouse group vaccinated with ⌬sigL mutant had significantly (P Ͻ 0.05) higher anti-PPDj IgG levels (Fig.  5C) . Thus, both IFN-␥ and IgG data suggested an ability of the ⌬sigL mutant strain to induce enhanced immune responses. Protection against challenge with M. avium subsp. paratuberculosis. To examine the vaccine potential of sigL-based mutant, groups of mice were vaccinated with PBS (control) or the ⌬sigL mutant as a live strain and challenged with the virulent M. avium subsp. paratuberculosis strain K10 at 6 WPI (Fig. 5A) . At 6 weeks postchallenge (WPC), the ⌬sigL-vaccinated mice displayed a significant reduction in the bacterial load in spleen and liver (Ͼ5-fold) compared to the PBS-vaccinated mice (Fig. 6A and B) . More importantly, a greater reduction of the bacterial load (Ͼ10-fold) was observed in the intestine (Fig. 6C) , an important organ for M. avium subsp. paratuberculosis infection. A similar colonization pattern was observed at 12 WPC, where the level of bacterial reduction was more than 5-, 10-, and 300-fold for spleen, intestine, and liver, respectively. It is noteworthy that overall colonization levels at 12 WPC were reduced compared to levels at 6 WPC in both immunized and mock-immunized groups, a phenotype that could result from the inherited resistance of the BL6 mice used in this study, as suggested before (35) .
For histological examination, we focused our efforts on the liver because it is the most reflective organ for M. avium subsp. paratuberculosis infection (36) . Liver sections from the ⌬sigL mutant-immunized animals displayed lower granulomatous scores and smaller granulomas than the PBS control group at 6 and 12 WPC (Fig. 7A and B) . In addition, low numbers of acid-fast bacilli were observed when liver sections were stained with ZiehlNeelsen stain, another support for the colonization data discussed above. Interestingly, sections from the intestines of the ⌬sigL mutant-immunized mice appeared normal compared to those from mock-infected mice, with no detectable acid-fast bacteria in ZiehlNeelsen-stained sections at both at 6 and 12 WPC (Fig. 7C and D) . Overall, the reduction in M. avium subsp. paratuberculosis colonization levels combined with histological scores indicated the ability of the ⌬sigL mutant to control tissue damage by a challenge with the virulent strain of M. avium subsp. paratuberculosis.
Expansion of immune responses following challenge in immunized mice. To evaluate expansion of the cellular immune response following challenge, splenocytes of immunized and challenged mice were analyzed for the production of key cytokines associated with protection against paratuberculosis (37, 38) . The PPDj-stimulated splenocytes from ⌬sigL mutant-immunized and challenged mice secreted higher levels of IFN-␥ than those from mock-challenged animals at 6 WPC, indicating increased levels of T cell activity (T-helper 1 cells) in the animals that received the ⌬sigL mutant (see Fig. S4 in the supplemental material) . However, at 12 WPC there was no difference in IFN-␥ response between these two groups of animals (see Fig. S4 in the supplemental ma- terial). Interestingly, our data also showed that the ⌬sigL mutantvaccinated animals had a better ability to induce PPDj-specific IL-17A secretion than the mock-challenged group at 6 WPC ( Fig.  6D) , suggesting an importance for T-helper 17 cells during vaccine-induced protection against paratuberculosis. Taken together, the colonization and histological and immune response levels suggest that M. avium subsp. paratuberculosis ⌬sigL induced protective immunity against challenge with virulent M. avium subsp. paratuberculosis.
DISCUSSION
Infection with M. avium subsp. paratuberculosis represents a major threat to dairy cattle (4, 6) with the potential to spread to humans (39) (40) (41) (42) (43) . Earlier reports indicated that M. avium subsp. paratuberculosis counts on a large number of sigma factors (n ϭ 19) to establish the infection and survive diverse stress conditions that the bacteria face during infection (15, 21) . In this study, we targeted sigL because of its activation during early macrophage infection, suggesting a role in controlling an important stage(s) of M. avium subsp. paratuberculosis pathogenesis (15) . Moreover, the orthologous sigL deletion mutant of M. tuberculosis was attenuated in mice relative to the wild-type strain (30) . Our analysis indicated that deletion of sigL affected the ability of M. avium subsp. paratuberculosis to survive exposure to intracellular stimuli, including oxidative stress and stresses damaging the mycobacterial cell wall (e.g., diamide and SDS) (44) (45) (46) . This reduced survival of the mutant could be partially explained by the type and magnitude of regulated transcripts in mutant and wild-type strains of M. avium subsp. paratuberculosis. Limited analysis of the sigL mutant transcripts compared to those of the wild-type strain suggested that the sigL regulon includes genes encoding polyketide synthases (involved in mycobacterial cell envelope maintenance) (20) , the mce gene family proteins (important during macrophage infection) (47) , genes encoding proteins involved in lipid transport (48) , and finally genes involved in proper folding of secreted proteins (49) , suggesting similarity to its counterpart in M. tuberculosis. However, a detailed transcriptional profiling during infection is warranted to analyze the complete regulon of SigL and decipher the differences between both groups in M. avium subsp. paratuberculosis and M. tuberculosis.
Both macrophage and animal colonization levels indicated that the sigL mutant strain was unable to survive inside both macrophages and mouse tissue at levels similar to those of the wildtype strain, an indication of the significant attenuation of this mutant. Both histological and bacteriological analyses revealed reduced organ colonization of the M. avium subsp. paratuberculosis ⌬sigL with low inflammatory scores compared to the parental strain. Interestingly, this result was different from the M. tuberculosis ⌬sigL murine infection, suggesting a different role for sigL in the survival of M. avium subsp. paratuberculosis (20, 30) . Such a disparity is expected with the difference in the pathogenesis of both tuberculosis and paratuberculosis and the animal model used for each (e.g., aerosol versus enteric infection, respectively).
Previously, alternative sigma factor (e.g., sigE) mutants were targeted for the vaccine development and found to provide protection against infection with pathogenic bacteria, including my- (A) Scheme illustrating the immunization study. C57BL/6 mice received a total of 2 doses, each containing ϳ2 ϫ 10 6 CFU of M. avium subsp. paratuberculosis ⌬sigL, by subcutaneous injection. The mock group received PBS buffer. Following vaccination, both groups of mice were challenged with wildtype M. avium subsp. paratuberculosis as described above. After 6 weeks postimmunization (6 PWI; week 0 in the scheme), mice (n ϭ 4 to 6) from each group were sacrificed for analysis of immune response. (B) Splenocytes (6 WPI) were isolated and restimulated in vitro with Johnin PPD to measure IFN-␥ levels from culture supernatant by ELISA after 48 h. (C) M. avium subsp. paratuberculosis-specific antibody (anti-PPDj antibodies) in the mouse sera (6 WPI) was detected by ELISA (OD 450 ) using horseradish peroxidaseconjugated rabbit anti-mouse antibody. *, P Ͻ 0.05.
FIG 6
Protective efficacy of immunization. At 6 weeks following vaccination, mice received a challenge dose containing ϳ7 ϫ 10 8 CFU of wild-type M. avium subsp. paratuberculosis i.p. (Fig. 5A) . Following challenge, mouse groups (n ϭ 4) were sacrificed at 6 and 12 weeks, and bacterial burden was analyzed in spleen (A), liver (B), and intestine (C) organs. Horizontal lines indicate median values, with error bars representing standard deviations. Statistical analyses were done using the Mann-Whitney test to evaluate differences in bacterial organ load among mouse groups vaccinated with PBS (mock) or the M. avium subsp. paratuberculosis ⌬sigL mutant. (D) Secretion of IL-17A (6 WPC) from the cell supernatant was measured by ELISA. Data are means and standard deviations. The dotted line shows the limit of detection (2 pg/ml). *, P Ͻ 0.05; **, P Ͻ 0.01. cobacteria (50, 51) . In our study, observations gained from both in vitro and murine model experiments encouraged us to investigate the vaccine potential of M. avium subsp. paratuberculosis ⌬sigL as a live attenuated vaccine against murine paratuberculosis. In our hands, mice that received the ⌬sigL mutant were very efficient in producing IFN-␥ (e.g., at 6 WPI), an important cytokine involved in controlling mycobacterial infection (52) . Importantly, culturing tissue samples from immunized animals indicated the ability of the vaccine candidate to persist in animals following immunization but to a low level, which could be a critical factor in inducing protective immune responses. We further evaluated the longevity of immune responses in the mouse groups following challenge (e.g., at 6 WPC), and these data suggest that ⌬sigL mutant-immunized mice maintained strong T-cell responses with secretion of more IFN-␥ and IL-17. These observations suggested an important role for both IFN-␥ and IL-17A during M. avium subsp. paratuberculosis infection. However, we noticed a decrease in IFN-␥ response in the ⌬sigL mutant-immunized and challenged group at 12 WPC, which could be partially explained by the decrease in the mycobacterial burden in the mouse organs. Alternatively, it is possible that complete elimination of the ⌬sigL mutant at later times may have resulted in a decreased IFN-␥ response, and if this is the case, then a higher vaccine dose with or without adjuvants may be necessary to achieve long-lasting vaccine-induced protective immunity against M. avium subsp. paratuberculosis infection.
Earlier studies demonstrated the potential use of M. avium subsp. paratuberculosis mutants (e.g., WAg915 and M. avium subsp. paratuberculosis ⌬leuD) as live attenuated vaccine candidates in the murine model of paratuberculosis (53, 54) . The mutant strain WAg915 (M. avium subsp. paratuberculosis ⌬ppiA), defective in the peptidyl-prolyl cis-trans-isomerase, showed a mild attenuated phenotype relative to the wild-type strain and resulted in limited tissue colonization following challenge with parental M. avium subsp. paratuberculosis strain (53) . Alternatively, the attenuated M. avium subsp. paratuberculosis ⌬leuD strain, which was defective in leucine biosynthesis, exhibited better protection in a similar vaccine/challenge model (54) . However, it will be difficult to compare the vaccine potential of the ⌬sigL mutant to that of the ⌬leuD mutant because tissue colonization levels in the leuD experiments were analyzed using only Ziehl-Neelsen staining (55, 56) , a less sensitive assay than the counting of CFU, used in our study. Finally, it would be very helpful to compare the performance of the sigL mutant and other vaccine candidates against a licensed vaccine, such as Mycopar, once approvals from veterinary health authority are obtained for use in mice. In future experiments, it would be helpful to generate a vaccine candidate with a deletion of one of the genes in the sigL regulon in the sigL mutant genetic background to increase vaccine safety and avoid the risk of vaccine reversion.
Overall, an isogenic mutant of M. avium subsp. paratuberculosis lacking sigL had a limited ability to survive in macrophages and mice, most likely because of a defective bacterial cell wall. Such an attenuated strain of M. avium subsp. paratuberculosis (⌬sigL) persisted in murine tissues following subcutaneous immunization and generated a substantial immune response. The generated immune responses were sufficient to reduce tissue colonization and lesion scores in animals following a challenge with the wild-type strain of M. avium subsp. paratuberculosis. Further vaccine testing in natural hosts of Johne's disease, e.g., goats or calves, will demonstrate the viability of developing an effective control strategy against paratuberculosis in animals.
